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m Theory of sin? 6y
m Measurement at Z pole

m Measurement at low energies

m Measurement at EIC



Types of weak mixing angle 1/23
m On-shell s3 = Mg,/M32
) ai, gk
i : v
m Effective sin26/ = IR (¢2 = M2)
e ™ 21Q4I(gh—9]) z ¢ _
e’ f
m Off-shell effective sin26/. for ¢2 # M2
— Not gauge invariant
m MS sin?0(p) = _?«R(M) —
2|1Q (g (1) —g7 (1))
. 29f 2
Sin© 0/, = s2(1 + Ak
jfr l ) 52 0.22337
0 2 _ c 2 = —_
SiN“ O = sin<0(u) (1 + AK) sin26/ | 0.23153
c 2 =
Ak, AR =rad.corr, Ar(My) < AR S Gliiz) | Czeizl
sin26(0) | 0.23857




New physics 2123

Effective field theory: LesMm = >; %Oi + O(A3) (N> M>)

2/4 2 2 f
sin Qf = 2(1 —|— AK’SI\/I — J EBW ——CW ET _f “WIL Ef)
o = % B A BT AT AT

\ A

S parameter o1’ parameter

2 f
sin26/ . = sin2 (M (1—|—AE; + _swgl _ Sng —f)
eff (Mz) SM 2ol L gly2 R

(_J,L‘ — ’02//\2 C;

O1 = 5(Du®)Td ST (DHD) Ogw = ®TB, WH

Of = i(o! Dy ®)(Frr#fr)  f=e pumblg
ot =wtBooxsrn) 1= () (2). ()10 ()




Assuming flavor universality:

A=velM/v)A'
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= AN~ 10 TeV

Significant correlation/
degeneracy between
different operators

Pomaral, Riva '13
Ellis, Sanz, You '14




Z-pole asymmetries at et e~ colliders 4123

Forward-backward asymmetry:
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Main systematic uncertainties:

m For f = b: charge tagging, jet clustering '
m For f = u: calibration of /s, muon angle

Left-right asymmetry:
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Electron beam polarized with degree P_—: AR =




Z-pole asymmetries at et e~ colliders 5/23

Forward-backward asymmetry:

O‘F—O‘B 3
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Main systematic uncertainties:

m For f = b: charge tagging, jet clustering
m For f = u: calibration of \/s, muon angle <« most robust for future colliders

Left-right asymmetry:
1 o —or _

—A
P, o+ oRr !

Electron beam polarized with degree P_—: AR =




m Deconvolution of initial-state QED radiation:

0[6+6_ — fﬂ — Rini(& 3,) %Y Uhard(sl)

Kureav, Fadin '85

Berends, Burgers, v. Neerven '88
Kniehl, Krawczyk, Kihn, Stuart '88
Beenakker, Berends, v. Neerven '89
Skrzypek '92

Montagna, Nicrosini, Piccinini ‘97

Soft photons (resummed) + collinear photons

LEP EWWG '05

Op.q [ND]




m Deconvolution of initial-state QED radiation:

0[6+6_ — fﬂ — Rini(& 3,) %Y Uhard(sl)

m Subtraction of y-exchange, v—Z interference,

box contributions:

Ohard = 07 + 0y + 047 + Opox

m Z-pole contribution:
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Drell-Yan at hadron colliders 8/23

Forward-backward asymmetry: “forward” defined through overall boost

(valence quark typically has higher momentum than sea anti-quark)

B F f
lab frame: D v D
O
B:'F f
center-of-mass frame:  p J_/K D

Main systematic uncertainties:

m PDFs
m QCD (QCD x EW) corrections




AP,

*

0.23099 + 0.00053
0.23159 + 0.00041
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LEP-1 and SLD: Z-pole
LEP-1 and SLD: A’¢
SLD: A
Tevatron

LHCb: 7+8 TeV
CMS: 8 TeV
ATLAS: 7 TeV
ATLAS: eecc il

ATLAS: ee,
ATLAS: 8 TeV

ATLAS Ergliminary
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0.23140 + 0.00036

ATLAS 18




Future ete— colliders 10/23

Currentexp. CEPC FCC-ee

My [MeV] 15 1 1
7 [MeV] 2.3 0.5 0.1
R, =T1529/15 [1073] 25 2 1
Ry, =Y /rbad [1079] 66 4.3 6
sin? 05 [1075] 13* <1 0.5

* naive combination of LEP/SLC/TeV/LHC

— Improved measurements of several EWPOs necessary to improve global fit

— Will need 3-loop and partial 4-loop SM corrections




Weak mixing angle from low-energy parity violatfion 11/23

m Polarized ee, ep, ed scattering

(Qw(e), Qu (p), eDIS)

E158 05, Qweak ’'17;
JLab Hall A’13

m vN/vUN scattering  NuTeV '02

m Atomic parity violation

(QW(133CS)) Wood et al. '97
Guéna, Lintz, Bouchiat '05

— Test of running MS weak
mixing angle sin2d(w),
u? ~ g
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Weak mixing angle from low-energy parity violatfion 12/23

Erler, Ferro-Hernandez '17

m Polarized ee, ep, ed scattering
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— Test of running MS weak
mixing angle sin2d(w),
u? ~ g




Polarized electfron scattering: experiments 13/23

® Ploneering
@ Nuclear Studies (1988-future)
10*L ® S.M.Study (2003-2012)
@ S.M. Design/Planning
] S.M. Future
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K. Kumar 'PVES 2018

MOLLER experiment at JLab (ee):
SexpALr = 0.73x1072 (2.4%)
5exp Sin2 9\/\/ ~ 0.1%

Current best ee (SLAC E158).
5epr|_R — 14%

P2 experiment at MESA (ep):
SexpAL r = 0.56x107° (1.4%)
5exp Sin2 9\/\/ ~ 0.1%

Current best ep (Qweak):
5epr|_R — 8%
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Polarized electron scaftering 15/23

m Polarized e~ on e™ /p/N target

m LR asymmetry for point-like target: )
2 > >

ee OL —0OR GIL<_q ) 1— Yy © ©
— = z

R oL +oR V2ra 1+ y*+4 (1 —y)4QW(€> . NS .
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y ~ 5(1 — cosfcm)

u Qu(e) = Qw(p) =1 —4sin? by
m For low Q2=—¢? proton is approx. point-like, but form factor corrections needed

(Q2 ~ 0.005 GeV? at P2)

m Radiative corrections must be included:
1 —4sin20yy — [1—4r(p)sin?26(p)]+ AQ(w)




EW corrections to Mgller scatftering: Hadronic effects 16/23

pGqu —1+vy
Vra 14y 4 (1 —y)?

ALR = 1~ 4n(u) sin? 8() + AQ(w))
m From ~y—Z self-energy:

2 e > > e
1 “ _26202Y In Y v
R(Mz) =1 6 Zf(]3fo 2s Qf) IN M%

7T82

m Sensitivity to mg: non-perturbative hadron physics

m ~(0) is free of In m? terms
— Absorbed into running of sinZ2 8(u)




EW corrections to Mgller scatftering: Hadronic effects

17/23

Determination of Az = 3 ¢(I35Qf — QSQQ?) In mj%/M% :

a) Directly from etTe~ data using
reweighting of different flavors
[SU(3),,q,s Symmetry,

PQCD for u, d, s at ¢, b thrsh.]

Wetzel '81; Marciano, Sirlin '84
Jegerlehner '86,17

b) Determine “threshold masses”
T_n'u,ds,c,b from AO‘(QQ);
PQCD RG running btw. thresholds

Erler, Ramsey-Musolf '04
Erler, Ferro-Hernandez '17

c) Lattice QCD
Ottnad '"PVES 2018
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Weak mixing angle measurement at EIC 18/23

m Polarized e~ on p for Q2 > Aqcp

m LR asymmetry:

Z Z

ep _ oL—0r _ Gu(=¢°)[F{ o y(1—y) F3
AR & = ~ + (1 —4sin“ o) =
o+ or 4 2ra | Fy 14+ (1-—y)? Fy
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m DIS regime (rather than point-like as at P2):
Fiy — Zq Qq(fq =+ fcj)
FiyZ — Zq C]qgg/(fq + f(j)

7
F17 =2%,qq94(fqe+ [7)
— Need precise knowledge of PDFs for 100 GeV2 < Q2 < 5000 GeV?




m Polarized e~ on p for Q2 > Aqcp

m Result from HERA (0.3 fb—1):
ZEUS
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Weak mixing angle measurement at EIC 20/23

m Polarized e~ on d for Q2 > Aqcp

m d IS iso-singlet — PDF dependence approximately cancels in LR asymmetry:

m Assuming valence quark dominance and charge symmetry:

Ju = fq,
fuNdefschf_ E

e Gu(— q2) y(1l —y)
p f\J M ——
Al /3 Sin 9vv+ (1 4 sin? Qw)l (142

— Reduced need for precision PDF input




Weak mixing angle measurement at EIC

21/23

Simulation with QED and QCD radiative effects (DJANGOH), CTEQG. 1M PDFs,

and detector smearing

Assumptions:

m Neglect higher-twist effects and PDF evolution in Q2 range

Zhao, Deshpande, Huang, Kumar, Riordan '16

a Differential luminosity uncertainty < 10~4

m Polarization uncertainty < 1%

10
Lint = 267 fb~1

electron
/ APV
—h
Q
N

electron

PV

Oa

103

N

e-D 10 GeV X 50 GeV/u
e-D 10 GeV X 125 GeV/u
e-D 15 GeV X 50 GeV/u
e-D 15 GeV X 125 GeV/u
e-D 20 GeV X 125 GeV/u

10

10?

1 03 Q2




Weak mixing angle measurement at EIC 22/23

Simulation with QED and QCD radiative effects (DJANGOH), CTEQG. 1M PDFs,
and detector smearing Zhao, Deshpande, Huang, Kumar, Riordan '16
Assumptions:

m Neglect higher-twist effects and PDF evolution in Q2 range

a Differential luminosity uncertainty < 10~4

m Polarization uncertainty < 1%

0.244

—e— EIC e-D: 10 GeV x 50 GeV/u
Qweak(first)

_ _ —1
Lint = 267 fb 0 oo
(2 Q2 bins) 0.24

= 0.238

EIC e-D: 10 GeV x 125 GeV/u
E158 v-DIS
° —— EIC e-D: 15 GeV x 50 GeV/u

—>— EIC e-D: 15 GeV x 125 GeV/u

EIC e-D: 20 GeV x 125 GeV/u
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Conclusions

23/23

@ EIC can determine sin2 8(u) is poorly explored range
10 GeV < S 70 GeV
— Experimentally probe QCD running
— May help to resolve tension between A,b:B and Af 5

O Precision is lower than at LEP, SLC, LHC, MOLLER, P2
— No improved sensitivity to high-scale new physics

Open guestions:
e PDF uncertainties (use EIC ep data as an input)
e Treatment of radiative corrections, non-perturbative corrections?







Z-pole asymmetries

Left-right asymmetry: (using polarization e~ beams)
1l o —0oR
AR = = A AA AA
RT P ol +or et Blyzt Ady
2(1 — 4sin? Ggﬁ) g{%

Ap = sin? 6/ =

14 (1 —4sin26/ )2 2|Q¢|(gk — g7)

Limited by systematic uncertainty of P_—

0.5% at SLD, 0.1% possible in future Karl, List '17




Z-pole asymmetries

Blondel scheme: (if e~ and e polarization available) Blondel '88

Four independent measurements for P /P,— = +—+,+—, —+, ——

4o |loppto g -0y —o)Nooypyto -0y to)
TN\ (oprto oy to oy yto o —o )

Note: No need to know |P_+| !

Main systematic uncertainties:
m Difference of |P|for P > 0 and P < O
m Difference of L for P > 0and P < O

A g~ 1074 — §sin? 05 ~ 1.3 x 107° Ménig, Hawkings 99




Theory calculations: Uncerfainties

Experiment Theory error Main source
My 80.379 + 0.012 MeV 4 MeV a3, alas
My 2495.2 + 2.3 MeV 0.4 MeV o3, alas, aa?
Ry 20.767 4+ 0.025 0.005 a3, aas
Ry 0.21629 + 0.00066  0.0001 a3, alas
sin2 05 0.23153+£0.00016 4.5x107° a3, a?as

m Theory error estimate is not well defined, ideally A < Aexp

m Common methods: e Count prefactors (a, Ne¢, Ny, ...)

e Extrapolation of perturbative series
e Renormalization scale dependence
®

Renormalization scheme dependence




QED radiation in Z asymmetries

QED radiation in principle cancels in asymmetries, e.qg. Apg = gE_T_UUE

Some effects from detector acceptance and cuts

Typical influence < 10~3

Implementation of QED effects:

a) Analytical formulae, e.g. ZFI TTER
Arbuzov, Bardin, Christova, Kalinovskaya, Riemann, Riemann, ...

— exact O(a?) ISR/FSR corrections

b) Monte Carlo event generator, e.g. KORALZ, KKMC Jadach, Ward, ...
— only O@(a2L) accuracy, but more flexible

L = log(s/m2)




4-lepton operator

4T _
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e
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E158: A <17 TeV
MOLLER: A < 39 TeV

Erler, Horowitz, Mantry, Souder’
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Falkowski, Gonzalez-Alonso, Mimouni '17

Falkowski et al. '18
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